Introduction
============

The direct and indirect pathway model of the basal ganglia has traditionally been the most authenticated working basal ganglia model. According to this model, cortical inputs enter the striatum and proceed to the output nuclei of the basal ganglia \[internal globus pallidus (GPi) and the substantia nigra pars reticulata (SNr)\] via two distinct pathways, enroute to the thalamus which projects back to the cerebral cortex. The "direct pathway" refers to the monosynaptic connection from the striatum to GPi/SNr; whereas the "indirect pathway" is the polysynaptic pathway where the order of connectivity is striatum -- external globus pallidus (GPe) -- subthalamic nucleus (STN) -- GPi/SNr (Albin et al., [@B2]; Delong, [@B27]). Normal basal ganglia functions are achieved when there is a balance between the activities of these two pathways. Movement disorders of basal ganglia origin, both hypokinetic (e.g., Parkinson\'s disease) and hyperkinetic (e.g., Huntington\'s disease), are thought to result from imbalanced activities between the two pathways; with the polarity of the imbalance determining the kinetics of the disorder (Albin et al., [@B2]).

In addition to the corticostriatal inputs, the basal ganglia also receive direct cortical information at the level of the STN, which further gets relayed to the GPi/SNr, constituting the "hyperdirect pathway" (Monakow et al., [@B75]; Nambu et al., [@B77]; Figures [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}). Although the existence of this system has long been recognized, its detailed anatomical organization, integration within the functional circuitry of the basal ganglia and significance in the pathophysiology of the basal ganglia network in movement disorders remains highly hypothetical and poorly understood.

![**Comparison of the cortical sources, conduction velocities and synaptic targets of corticostriatal versus corticosubthalamic projections**. Solid lines indicate well established projections. Dotted lines indicate projections that need to be confirmed in future studies. Colored boxes summarize some of the unanswered questions pertaining to the anatomical, synaptic, and functional organization of these two pathways. See text for abbreviations. Anatomical structures are not to scale, but depicted solely for illustrative purposes and are not necessarily in the same coronal plane. Some connections have been purposefully omitted to decrease complexity.](fnsys-05-00064-g001){#F1}

![**Highly simplified overview of the classical model of the basal ganglia circuitry**. Red lines indicate excitatory projections. Black lines indicate inhibitory projections. Some brainstem connections have been omitted for the sake of simplicity. Colored boxes highlight some key issues to be addressed about the anatomy and function of the corticostriatal and corticosubthalamic systems. See text for abbreviations.](fnsys-05-00064-g002){#F2}

In this review, we compare the anatomical and functional organization of the two main cortical entry systems to the basal ganglia, and critically examine their respective roles in the integration and processing of motor and non-motor information that flows through the cortico-basal ganglia--thalamocortical loops in normal and pathological conditions. At the end of each section, we highlight some relevant anatomical and functional issues that should be addressed to increase our current knowledge of the complementary roles corticostriatal and corticosubthalamic entry systems to the basal ganglia play in normal and diseased states.

Neuronal Sources and Conduction Velocities of Corticostriatal Versus Corticosubthalamic Projections
===================================================================================================

Sources of the corticostriatal system
-------------------------------------

Corticostriatal projections typically arise from small to medium sized layer III and V pyramidal neurons in functionally diverse cortical areas in monkeys, dogs, cats, and rodents (Kemp and Powell, [@B52]; Kitai et al., [@B56]; Jones et al., [@B50]; Oka, [@B83]; Veening et al., [@B121]; Royce, [@B103]; Goldman-Rakic and Selemon, [@B41]; Tanaka, [@B118]; Mcgeorge and Faull, [@B72]). In rodents, corticostriatal neurons are categorized into two main types: the intratelencephalic (IT) and the pyramidal tract (PT) neurons (Jinnai and Matsuda, [@B49]; Landry et al., [@B60]; Wilson, [@B127]; Cowan and Wilson, [@B23]; Levesque et al., [@B63],[@B64]; Levesque and Parent, [@B65]; Wright et al., [@B128], [@B129]; Zheng and Wilson, [@B134]; Reiner et al., [@B99]; Parent and Parent, [@B92]). The IT neurons, of which axonal projections are confined to the ipsilateral and contralateral cortex and striatum, are mainly located in layer III and upper layer V of the rat cortex. In contrast, PT neurons are located in the lower layer V, and send long descending axonal projections to the brainstem and spinal cord from which originate thin axon collaterals that innervate the striatum (Reiner et al., [@B99]; Figure [1](#F1){ref-type="fig"}). A unidirectional pattern of physiological connectivity from IT to PT corticostriatal neurons has been demonstrated in cortical slices (Morishima and Kawaguchi, [@B76]).

Although single-axon tracing studies have identified distinct populations of corticostriatal projection neurons reminiscent of the rodent IT and PT neurons in monkeys (Parent and Parent, [@B92]), this dual corticostriatal system is not supported by electrophysiological studies in non-human primates. For instance, stimulation of the motor putamen and the PT does not or very rarely elicit antidromic activation of single neurons in the primary motor cortex (MI) and pre-motor cortices in monkeys (Bauswein et al., [@B9]; Turner and Delong, [@B120]), suggesting that the PT does not give off significant collaterals to the striatum (Figure [1](#F1){ref-type="fig"}). Even in rodents, the functional significance of the dichotomous IT and PT corticostriatal neurons system is not clearly understood. Anatomical evidence suggests that IT-type neurons preferentially innervate direct pathway striato-nigral neurons, whereas PT-type neurons mainly target indirect pathway striato-pallidal neurons (Lei et al., [@B62]). However, a recent *in vivo* electrophysiology study could not detect a significant PT-type corticostriatal input onto indirect striatofugal neurons. This study rather showed that IT-type corticostriatal neurons are the main excitatory drive to both direct and indirect striatofugal neurons (Ballion et al., [@B7]; Figure [1](#F1){ref-type="fig"}).

Sources of the corticosubthalamic system
----------------------------------------

The corticosubthalamic projections originate primarily from cortical layer V neurons in rats and monkeys (Rouzaire-Dubois and Scarnati, [@B102]; Canteras et al., [@B19]; Nambu et al., [@B77]). Although overwhelming evidence points to an ipsilateral corticosubthalamic system (Afsharpour, [@B1]; Feger et al., [@B32]), one electrophysiological study performed in unilaterally decorticated rats suggests that part of the corticosubthalamic tract may project contralaterally (Rouzaire-Dubois and Scarnati, [@B102]). However, a subsequent electrophysiological study in rats showed that contralateral cortical stimulation elicits long latency excitatory responses in the STN which, most likely, rely on oligosynaptic circuits rather than the fast monosynaptic corticosubthalamic connections that mediate ipsilateral effects (Fujimoto and Kita, [@B37]). Preliminary data suggest that axon collaterals of the corticospinal tract innervate the STN in cats (Iwahori, [@B48]; Giuffrida et al., [@B40]). However, this issue must be thoroughly investigated in rats and monkeys using sensitive anatomical and electrophysiological methods. Although part of the corticosubthalamic tract projecting to the motor territory of the STN could, indeed, be axon collaterals of the descending corticospinal and corticobulbar tracts, it is not clear if non-motor projections to the STN originate from axon collaterals of cortical efferents to other cortical or subcortical targets, or from a specific subset of corticosubthalamic neurons (Figure [1](#F1){ref-type="fig"}). In light of recent data suggesting that some of the therapeutic benefits, or side effects, of STN deep brain stimulation could be attributed to antidromic activation of motor (Li et al., [@B66]) versus non-motor corticosubthalamic systems (Drouot et al., [@B29]; Temel et al., [@B119]; Li et al., [@B66]; Gradinaru et al., [@B42]), respectively, a detailed knowledge of the exact sources and degree of collateralization of corticosubthalamic axons is essential to a deeper understanding of the mechanisms and anatomical substrates through which STN DBS mediates its wanted and unwanted effects (Figure [2](#F2){ref-type="fig"}).

Do the corticostriatal and corticosubthalamic systems originate from single cortical neurons?
---------------------------------------------------------------------------------------------

In monkeys, striatal stimulation results in monosynaptic short latency spike discharge (10--15 m/s) in the STN (Ohye et al., [@B82]). Considering that there is no clear evidence for the existence of a striatosubthalamic projection system; some of these short latency responses could possibly be mediated by axons collaterals of single cortical neurons innervating both the striatum and STN. Such short latency responses could also be attributed to activation of fibers of passage leading to the STN. Nevertheless, the extent of collateralization of single cortical projections to the striatum and the STN is unclear, and must be directly assessed using reliable anatomical approaches (Figure [1](#F1){ref-type="fig"}). In that regard, a recent single-axon tracing study in non-human primates has revealed the existence of corticosubthalamic projections that descend through the cerebral peduncle or the red nucleus, but did not describe any cortical neurons innervating both the striatum and STN (Parent and Parent, [@B92]). However, a double retrograde labeling study in rats suggested that a subset of individual cortical neurons project to both structures (Feger et al., [@B32]).

Further evidence for a distinct origin of corticostriatal and corticosubthalamic projection systems is suggested by the different conduction velocities of these axonal projections. In rats, the mean conduction velocity of hyperdirect corticosubthalamic axons (∼7 m/s) is much faster than that of the IT-type corticostriatal axons (∼1.5 m/s), but is slightly slower than the PT-type corticostriatal axons (\<10 m/s; Cowan and Wilson, [@B23]; Mahon et al., [@B69]; Slaght et al., [@B107]; Paz et al., [@B95]). However, the conduction velocity value of the PT-type corticostriatal axons must be interpreted cautiously because of diameter differences between the rather thin corticostriatal axon collaterals that detach from the large-sized PT main descending axon to the brainstem. Another important aspect to consider is the fact that the speed of conduction of the corticospinal tract (∼11.4 m/s in rats, with the fastest reaching ∼19 m/s; Mediratta and Nicoll, [@B73]) is much faster than either corticosubthalamic or corticostriatal axons, thereby suggesting that these projections most likely originate from distinct neuronal populations, though this remains to be demonstrated (Figure [1](#F1){ref-type="fig"}). The functional relevance of these different rates of conduction toward the transmission and integration of information flow through the corticostriatal and corticosubthalamic systems is discussed below.

To better understand the origins and potential sites of cross-talk between corticostriatal and corticosubthalamic neurons, the following critical issues must be addressed (Figure [1](#F1){ref-type="fig"}):

1.  Determine the exact sources and innervation patterns of corticosubthalamic projections to motor and non-motor regions of the STN.

2.  Determine the proportion of motor corticosubthalamic axons that are collaterals of the corticospinal and corticobulbar tracts in primates.

3.  Determine the degree of collateralization of single corticofugal axons to the striatum and the STN.

4.  Determine the extent of cross-talk between corticostriatal and corticosubthalamic neurons at the cortical level.

Synaptic Microcircuitry of Corticostriatal Versus Corticosubthalamic Systems
============================================================================

Cortical inputs to the striatum are relatively dense and preferentially target medium spiny neurons (MSNs). In rats, each MSN receives approximately 5000 cortical inputs (Kincaid et al., [@B54]), that form asymmetric synapses almost exclusively on spine heads (∼90%; Kemp and Powell, [@B53]; Xu et al., [@B130]; Raju et al., [@B98], [@B97]). It is clear that the corticostriatal system represents, by far, the most massive source of synaptic inputs to striatal projection neurons (Ingham et al., [@B47]; Raju et al., [@B97]). In contrast, the corticosubthalamic projection is much less profuse, and gives rise to a rather sparse population of terminals that form asymmetric synapses only with the distal dendrites of STN neurons (Bevan et al., [@B12]; Mathai et al., [@B70]). The main source of synaptic inputs to STN neurons is from the GPe, which provides a massive GABAergic innervation that spreads across the whole somatodendritic domain of single STN neurons (Smith et al., [@B110], [@B109]). Despite its relative scarcity and distal location, corticosubthalamic afferents are considered as a major driving force of STN neurons, and a key source of inputs through which motor cortical information reaches basal ganglia output neurons (Nambu et al., [@B80]; Magill et al., [@B68]). Complex synaptic mechanisms and membrane properties of STN neurons have been suggested to explain how sparse, distally located cortical inputs could mediate powerful excitatory effects upon STN neurons despite the massive and tonically active inhibitory influences from the GPe (Bevan et al., [@B14], [@B13]).

In addition to the prevalence and distribution of cortical inputs, the abundance, subsynaptic localization, pharmacological properties, and plasticity of postsynaptic glutamate receptors associated with these afferents are other factors that could contribute to the strength of corticostriatal and corticosubthalamic inputs (Figure [2](#F2){ref-type="fig"}). Striatal projection neurons express a wide variety of AMPA and NMDA receptor subunits and multiple subtypes of metabotropic glutamate receptors (mGluRs). At the electron microscopic level, these receptor proteins are profusely expressed along the plasma membrane of dendritic spines and dendritic shafts where most cortical inputs are located, though most mGluRs and a significant contingent of AMPA and NMDA receptor subunits are also heavily localized extrasynaptically (Paquet and Smith, [@B87]; Fujiyama et al., [@B38]; Galvan et al., [@B39]). Although the functional role of these receptors in corticostriatal transmission and long term plasticity has been demonstrated (Calabresi et al., [@B17]; Wickens, [@B126]), the relative abundance of specific receptor subunits at individual cortical synapses remains unknown.

Subthalamic nucleus neurons are also enriched with ionotropic NMDA and AMPA receptor subunits as well as with group I mGluRs (i.e., mGluR1 and mGluR5), located along the plasma membrane of STN neurons, some of those being in the main body or peri-synaptic to asymmetric glutamatergic synapses (Clarke and Bolam, [@B21]; Kuwajima et al., [@B59]). However, there is no detailed study of the expression level of any glutamate receptor subtypes at corticosubthalamic synapses compared with other glutamatergic efferents to the STN (i.e., vesicular glutamate transporter 2 -- positive terminals from the thalamus and pedunculopontine nucleus). Thus, to better understand the synaptic mechanisms by which the microcircuitry and relative expression of specific receptor subtypes contribute to the functional effects of corticostriatal versus corticosubthalamic afferents upon their target neurons, a detailed quantitative assessment of the morphological and neurochemical features of these synapses must be achieved (Figure [2](#F2){ref-type="fig"}). Some of the key information to be gathered include:

1.  A detailed quantitative analysis of the prevalence and distribution of cortical inputs onto the dendrites of single STN neurons.

2.  A detailed comparison of the relative abundance of specific glutamate receptor subtypes or subunits at individual corticostriatal versus corticosubthalamic synapses (Figure [3](#F3){ref-type="fig"}).

3.  Electrophysiological assessment of the strength, properties and long term plasticity of corticosubthalamic synapses.

![**Functional domains of the STN**. Coronal view of the primate STN to illustrate the topographical organization of cortical afferents to various functional regions of the nucleus defined by their reciprocal connections with the globus pallidus and motor cortical areas. Solid lines indicate well established corticosubthalamic projections from motor and pre-motor cortices. Dotted lines indicate putative projections that need further confirmation. Abbreviations: cing, cingulate.](fnsys-05-00064-g003){#F3}

Functional Segregation of Corticostriatal Versus Corticosubthalamic Pathways
============================================================================

Corticostriatal inputs are functionally segregated
--------------------------------------------------

Multiple cortical areas project to the striatum in a highly topographic manner creating functionally segregated maps (Alexander et al., [@B3]). The post-commissural dorsolateral putamen primarily receives sensorimotor cortical afferents, most of the pre-commissural putamen and caudate nucleus receive afferents from associative cortical regions, whereas the limbic and paralimbic cortices, the amygdala and the hippocampus innervate the nucleus accumbens, the ventral caudate, and ventral putamen (Parent and Hazrati, [@B91]). Although the functional territories in the striatum are largely segregated, somatosensory and motor cortical information representing the same body parts converge onto overlapping regions in the putamen (Flaherty and Graybiel, [@B33], [@B34]). There is no evidence for a similar overlap of somatosensory and motor cortical information in the STN. In fact, there are conflicting data regarding the existence of somatosensory, visual or auditory inputs to the STN from primary sensory cortices (Afsharpour, [@B1]; Canteras et al., [@B18]; Kolomiets et al., [@B57]), but it is worth noting that some sensory modalities can still reach the STN via other routes, such as the tectosubthalamic tract recently described in rodents (Coizet et al., [@B22]). Complex patterns of overlapping and interdigitation of corticostriatal projections from interconnected associative cortical areas have also been described in the caudate nucleus and ventral striatum of non-human primates (Yeterian and Van Hoesen, [@B132]; Selemon and Goldman-Rakic, [@B105]; Parthasarathy et al., [@B93]), but very little is known about the relative overlap or segregation of associative cortical inputs to the STN.

Is the corticosubthalamic system functionally segregated?
---------------------------------------------------------

Despite the limited knowledge about the organization of non-motor corticosubthalamic projections compared with the detailed analyzes of the corticostriatal systems, the STN is also topographically divided into functional territories, mainly based on its connections with specific functionally segregated regions of the globus pallidus (Figure [3](#F3){ref-type="fig"}). The dorsolateral and dorsomedial STN primarily processes motor-related information, the ventrolateral STN is the main target of associative-related pallidal inputs, while the ventromedial tip of the STN is primarily connected with limbic pallidal regions including the ventral pallidum (Parent, [@B89]; Shink et al., [@B106]; Karachi et al., [@B51]; Smith, [@B108]). In primates, cortical inputs from the primary MI innervate the dorsolateral STN, while the supplementary motor area (SMA), pre-motor cortex (PM), and cingulate motor cortex (CM) send projections to the dorsomedial STN (Nambu et al., [@B77], [@B79]; Takada et al., [@B117]; Figure [3](#F3){ref-type="fig"}).

However, there is only scarce anatomical evidence of direct cortical projections from associative and limbic cortices to the monkey STN (Monakow et al., [@B75]). In rodents, lesion studies (Eagle et al., [@B31]) have suggested that functional connections between the medial prefrontal cortex and the STN are necessary to perform tasks that involve cognitive and reward processing (Dias et al., [@B28]; Chudasama et al., [@B20]; Baunez and Gubellini, [@B8]; Eagle and Baunez, [@B30]). As of date, the topography and extent of innervation of non-motor cortical inputs to the primate STN is not known (Figure [1](#F1){ref-type="fig"}), but recent diffusion-weighed magnetic resonance imaging studies suggest connections between high order associative cortical regions and the STN in humans (Aron et al., [@B5]). In addition, data from our laboratory indicate that the relative density of cortical terminals in non-motor regions of the monkey STN is as high as that in the motor STN, thereby suggesting significant associative and limbic cortical inputs to the non-human primate STN (Mathai et al., [@B70]).

Do single STN neurons integrate functionally segregated information flowing along the corticosubthalamic system?
----------------------------------------------------------------------------------------------------------------

Despite the apparent anatomical segregation of motor, associative and limbic cortical inputs to the STN, the small size of the nucleus combined with the large extent of the dendritic tree of single STN neurons, open up the possibility for synaptic convergence of different cortical inputs onto single STN neurons, most particularly those located at the junction between different functional territories (Takada et al., [@B117]). STN neurons, indeed, harbor long dendrites, which, in primates, can extend as far as 600 μm from their parent cell bodies (Yelnik and Percheron, [@B131]; Figure [1](#F1){ref-type="fig"}). It is noteworthy that the extent of the dendritic domain of an individual STN neuron can cover about half, one-fifth, and one-ninth of the STN in the cat, monkey, and human, respectively (Yelnik and Percheron, [@B131]), thereby indicating that the functional segregation of the STN may increase in an ascending fashion as we compare cats, monkeys, and humans. In rats, some of the corticosubthalamic projections from functionally distinct cortical regions converge onto single STN neurons (Kolomiets et al., [@B57]), suggesting that the corticosubthalamic system is, indeed, more functionally convergent than the functionally segregated corticostriatal system, at least in rodents (Kolomiets et al., [@B57]). In line with this concept, it is worth noting that inputs from functionally segregated regions of the GP converge upon single STN neurons in rats (Bevan et al., [@B11]; Figure [1](#F1){ref-type="fig"}). In contrast, albeit extensive, the dendritic tree of striatal MSNs is much more restricted (200--260 μm in diameter in primates) and confined to the close vicinity of parent cell bodies (Graveland et al., [@B43]). Whether these anatomical differences in the dendritic arborization of striatal MSNs versus subthalamic neurons account for a higher level of convergence of functionally segregated cortical influences upon single STN than striatal neurons remains to be conclusively established, especially in primates (Figure [1](#F1){ref-type="fig"}).

Another anatomical feature that governs the extent of convergence or divergence of inputs upon their synaptic targets is their respective pattern of axonal arborization inside the target structure. Using single cell filling studies, these features have been studied for the corticostriatal system, but much remains to be done for the corticosubthalamic connections. In the monkey striatum, cortical axons split into about two to five branches upon entering the structure, and later arborize scarcely, but widely (Parent and Parent, [@B92]), thereby suggesting that each corticostriatal axon could target a large pool of striatal dendrites along its long tortuous course, but form a restricted number of synapses upon each of them. In rodents, PT-type neurons form focal clusters of fine processes and terminals, whereas the axonal projections of IT-type neurons arborize uniformly in the striatum (Wilson, [@B127]; Cowan and Wilson, [@B23]; Wright et al., [@B128], [@B129]). As far as the corticosubthalamic pathway is concerned, very little is known about the extent and pattern of arborization of single cortical axons in the STN (Parent and Parent, [@B92]).

Thus, in order to assess and compare the degree of convergence between functionally segregated corticostriatal versus corticosubthalamic projections, the following issues must be addressed:

1.  Determine the sources and pattern of organization of direct sensory inputs to the monkey STN.

2.  Assess the degree of convergence of motor and somatosensory inputs related to the same body parts into the monkey STN.

3.  Analyze in detail the topographical organization of non-motor cortical inputs to the STN, especially in the monkey.

4.  Characterize the course and pattern of arborization of single motor and non-motor corticosubthalamic axons.

5.  Assess the anatomo-functional convergence of functionally distinct cortical inputs on single STN neurons.

Dopaminergic Regulation of Glutamatergic Corticostriatal Versus Corticosubthalamic Systems -- Implications for Parkinson\'s Disease Pathophysiology
===================================================================================================================================================

The role of striatal dopamine has been explored in great detail and summarized in comprehensive reviews published over recent decades (Arbuthnott et al., [@B4]; Nicola et al., [@B81]; Reynolds and Wickens, [@B100]; Surmeier et al., [@B115], [@B116]; Kreitzer and Malenka, [@B58]; Wickens, [@B126]). In the following account, we will only highlight a few points indicating the importance of dopamine in the regulation of corticostriatal activity so that it can be compared with our current knowledge of the potential effects of dopamine upon the corticosubthalamic system. In the classical models of the basal ganglia, dopamine regulates the balance between the activation of the direct and indirect striatofugal pathways (Wichmann and Delong, [@B125]). Striatal dopamine also plays a key role in mediating long term plasticity of glutamatergic corticostriatal synapses (Cragg, [@B24]; Picconi et al., [@B96]; Calabresi et al., [@B17]; Kreitzer and Malenka, [@B58]; Pawlak and Kerr, [@B94]). The loss of striatal dopamine in Parkinson\'s disease leads to a major pruning of dendritic spines on striatal projection neurons (Ingham et al., [@B46]; Stephens et al., [@B113]; Zaja-Milatovic et al., [@B133]; Smith and Villalba, [@B112]; Villalba et al., [@B122]; Villalba and Smith, [@B123]), corresponding with a loss of corticostriatal terminals and a severe dysregulation and imbalance of activity between the direct and indirect striatofugal pathways (Delong, [@B27]; Pang et al., [@B86]; Liang et al., [@B67]), and a dramatic change in the long term plastic properties of corticostriatal synapses (Calabresi et al., [@B17]; Figures [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}). There is also evidence that dopamine regulates the functional specificity of striatal projection neurons in response to cortical afferents, and that degeneration of the nigrostriatal dopaminergic system in PD underlies some of the pathophysiological patterns of activity striatal and other basal ganglia neurons display in parkinsonian condition (Calabresi et al., [@B16], [@B15]; Florio et al., [@B35]; Onn and Grace, [@B84]; Onn et al., [@B85]; Strafella et al., [@B114]; Figure [2](#F2){ref-type="fig"}).

Albeit sparser than in the striatum, the STN also receives a dopaminergic innervation from collaterals of the nigrostriatal pathway, and STN neurons express various dopamine receptor subtypes (Lavoie et al., [@B61]; Hedreen, [@B45]; Augood et al., [@B6]; Francois et al., [@B36]; Smith and Kieval, [@B111]; Cragg et al., [@B25]; Smith and Villalba, [@B112]; Rommelfanger and Wichmann, [@B101]). Although there is evidence for physiological dopamine-mediated effects in the STN, functional interactions between the dopamine nigrosubthalamic system and corticosubthalamic afferents remain to be established (Figure [2](#F2){ref-type="fig"}). On the other hand, it is worth noting that the excitatory responses of SNr basal ganglia output neurons in response to cortical stimulation are augmented in 6-hydroxydopamine-treated parkinsonian rats compared to control animals (Belluscio et al., [@B10]). Whether this abnormal increased response of SNr neurons relies on changes in the dopamine-mediated regulation of the corticosubthalamic system in parkinsonism, remains to be established. Preliminary data from our laboratory have demonstrated a significant reduction in the density of vesicular glutamate transporter 1 -- positive corticosubthalamic terminals in MPTP-treated parkinsonian monkeys (Mathai et al., [@B70]), thereby suggesting possible loss of cortical inputs to the STN in the parkinsonian state, as shown in the striatum (see above; Figure [2](#F2){ref-type="fig"}).

To further understand and compare the role played by dopamine in the regulation of the corticosubthalamic versus corticostriatal systems, the following points must be clarified (Figure [2](#F2){ref-type="fig"}):

1.  Does STN dopamine denervation induce changes in the number, microcircuitry and activity of corticosubthalamic inputs in parkinsonian condition?

2.  How do dopamine- and dopamine receptor-related drugs affect the strength and plastic properties of corticosubthalamic inputs?

3.  How do changes in dopaminergic innervation affect sensorimotor properties of STN neurons in response to cortical afferents in the parkinsonian state?

4.  Does STN dopamine denervation induce downstream regulatory changes in the expression, trafficking, and functional activity of dopamine and glutamate receptors that could influence corticosubthalamic transmission in parkinsonian condition?

Functional Interactions between the Corticostriatal and Corticosubthalamic Systems to Regulate the Selection of Basal Ganglia Motor Programs in Normal and Pathological Conditions
==================================================================================================================================================================================

Ultimately, the significance of data discussed in this review relies on a better understanding of the functional interactions between information flowing along the corticostriatal and corticosubthalamic systems to mediate basal ganglia functions and dysfunctions in normal and diseased states. In that regard, a functional "center--surround model" of selection of motor programs in the basal ganglia has been proposed based on the temporal activation patterns of the hyperdirect corticosubthalamic pathway, and the direct corticostriatopallidal system (Mink, [@B74]; Nambu et al., [@B78], [@B80]). According to this model, the cortical information flowing along the hyperdirect pathway is faster, and transmitted in a more diffuse manner than information flowing along the corticostriatal system to the GPi, thereby providing a general excitation over a large pool of basal ganglia output neurons not related to the selected motor act (i.e., the "surround neurons"). In contrast, a corollary signal transmitted along the direct corticostriatofugal pathway is much more focused and conveyed to a restricted pool of GPi neurons (i.e., the "center neurons"), that encode and transmit the information related to the desired motor acts to the thalamus and brainstem, thereby inducing focused inhibitory influences upon a pool of basal ganglia output neurons related to the motor act. Finally, a third corollary signal transmitted along the indirect corticostriatofugal pathway inhibits basal ganglia output neurons. Electrophysiological data have, indeed, demonstrated that cortical stimulation evokes a triphasic response in monkey GPi neurons (and rodent GP), including an early excitatory component induced by activation of the STN (Kita, [@B55]; Maurice et al., [@B71]; Nambu et al., [@B78], [@B80]), prior to a slower inhibition generated by activation of the direct cortico-striato-GPi system followed by a late excitation most likely due to activation of the indirect cortico-striato-GPe--STN--GPi network (Kita, [@B55]; Maurice et al., [@B71]; Nambu et al., [@B78], [@B80]). This attractive working hypothesis serves as an interesting foundation to further understand the possible interactions between the two cortical entry systems to the basal ganglia to control basal ganglia outflow.

However, as for any simplified models, part of it is speculative, and some of the assumptions made rely on anatomical and electrophysiological foundations that deserve some consideration. For instance, although some anatomical studies have proposed the existence of a diffuse subthalamopallidal system (Hazrati and Parent, [@B44]), as suggested in this model, others have demonstrated that the anatomical relationships between the STN and both pallidal segments are highly specific and topographic (Shink et al., [@B106]; Smith et al., [@B109]). In fact, recent single cell filling studies of individual subthalamopallidal and striato-pallidal neurons have revealed a high level of complexity of the axonal arborization of these two systems in the monkey GPi, demonstrating that projections from either systems can terminate in the GPi in a diffuse or focused manner (Parent et al., [@B90]; Sato et al., [@B104]). Another issue to be considered is the assumption that the subthalamopallidal system is active before movement onset in order to create the surround excitation proposed in this model. In monkeys, most STN neurons increase their firing around the time of movement onset or after the action during active step tracking movements (Wichmann et al., [@B124]; Delong and Wichmann, [@B26]), thereby reducing the likelihood that the corticosubthalamic projection is involved in the preparation of movements as suggested by the center--surround hypothesis. On the other hand, some human studies have shown that most STN neurons are active before self-paced movements in Parkinson\'s disease (Paradiso et al., [@B88]).

To summarize, the functional mechanisms by which corticosubthalamic and corticostriatal projections interact to regulate motor, and possibly non-motor, behavior are complex, and necessitate further investigations.

Some of the key points that must be addressed to increase knowledge in this area:

1.  The localization and proportion of GPi neurons that display an early STN-mediated excitatory response in normal and parkinsonian state following stimulation of specific cortical areas.

2.  The changes in the temporal sequences of excitatory and inhibitory responses in GPi neurons following cortical activation in normal and parkinsonian state.

Conclusion
==========

In this review, we highlighted some of the main anatomical, neurochemical, and functional features that characterize the two main routes of cortical entry to the basal ganglia circuitry, the corticostriatal, and the corticosubthalamic systems. Despite the large amount of information showing obvious differences in the functional anatomy of these two systems, our basic understanding of the temporal, spatial, and functional relationships through which these neural connections interact to mediate normal basal ganglia function, and their changes thereof in pathological conditions, are paramount in our quest of the mysterious functions of the basal ganglia in normal and diseased states.
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